Summary It has previously been suggested that plasma membrane ATPase (PM H + -ATPase, EC 3.6.1.3.) is a site of incipient freezing injury because activity increases following cold acclimation and there are published data indicating that activity of PM H + -ATPase is modulated by changes in lipids associated with the enzyme. To test and extend these findings in a tree species, we analyzed PM H + -ATPase activity and the fatty acid (FA) composition of glycerolipids in purified plasma membranes (PMs) prepared by the two-phase partition method from current-year needles of adult red pine (Pinus resinosa Ait.) trees. Freezing tolerance of the needles decreased from -56°C in March to -9°C in May, and increased from -15°C in September to -148°C in January. Specific activity of vanadate-sensitive PM H + -ATPase increased more than twofold following cold acclimation, despite a concurrent increase in protein concentration. During de-acclimation, decreases in PM H + -ATPase activity and freezing tolerance were accompanied by decreases in the proportions of oleic (18:1) and linoleic (18:2) acids and increases in the proportions of palmitic (16:0) and linolenic (18:3) acids in total glycerolipids extracted from the plasma membrane fraction. This pattern of changes in PM H + -ATPase activity and the 18:1, 18:2 and 18:3 fatty acids was reversed during cold acclimation. In the PM fractions, changes in FA unsaturation, expressed as the double bond index (1 × 18:1 + 2 × 18:2 + 3 × 18:3), were closely correlated with changes in H + -ATPase specific activity (r 2 = 0.995). Changes in freezing tolerance were well correlated with DBI (r 2 = 0.877) and ATPase specific activity (r 2 = 0.833) in the PM fraction. Total ATPase activity in microsomal fractions also closely followed changes in freezing tolerance (r 2 = 0.969). We conclude that, as in herbaceous plants, simultaneous seasonal changes in PM H + -ATPase activity and fatty acid composition occur during cold acclimation and de-acclimation in an extremely winter hardy tree species under natural conditions, lending support to the hypothesis that FA-regulated PM H + -ATPase activity is involved in the cellular response underlying cold acclimation and de-acclimation.
Introduction
The plasma membrane (PM) is considered the primary site of the cellular response to freeze-thaw stress (Levitt 1980 , Steponkus 1984 , Palta and Weiss 1992 , because functions of the PM are impaired during the early stages of incipient freezing injury (Palta et al. 1977 , Steffen et al. 1989 ). The biophysical and biochemical changes that occur in the PM during cold acclimation to protect it against freeze-thaw injury are prerequisites to the development of freezing tolerance. These changes occur in the opposite direction during de-acclimation. Palta and Li (1980) proposed that PM-associated ATPase (PM H + -ATPase, EC 3.6.1.3.) is an early site of incipient freezing injury. Support for this hypothesis comes from studies in which freeze-thaw stress selectively impaired the function of PM H + -ATPase, but not marker enzymes located in other membranes (Hellergren et al. 1985, Iswari and . Furthermore, recovery from slight freezing injury is dependent on PM H + -ATPase activity and can be blocked by vanadate, an inhibitor of PM H + -ATPase activity, a P-type ATPase (Arora and Palta 1991) .
Plasma membrane H + -ATPase activity increases following cold acclimation in many herbaceous (Ishikawa and Yoshida 1985 , Iswari and Palta 1987 , Baruah et al. 1990 ) and woody species (Hellergren et al. 1983, Mattheis and Ketchie 1990) , further supporting the hypothesis that PM H + -ATPase is a key site of the cellular response to low-temperature stress. However, the mechanisms by which these changes in PM H + -ATPase activity are effected during cold acclimation and de-acclimation are not fully understood. Lipid modulation of the functioning of integral membrane proteins such as ATPases has been proposed (Carruthers and Melchior 1986) , and there is evidence that the activity of membrane ATPases is reg-ulated by specific changes in the layer of boundary lipids (see review by Cooke and Burden 1990 ). For example, PM H + -ATPase activity increases in vitro following the addition of linoleic acid (18:2), as well as other fatty acids (FAs) (Palmgren et al. 1988) .
Studies have shown that the lipid composition of the PM changes following cold acclimation (Yoshida 1974 , Lynch and Steponkus 1987 , Palta et al. 1993 . Changes in FAs associated with cold acclimation include an increase in the proportion of 18:2 and a decrease in the proportion of linolenic acid (18:3) in PM phospholipids (Palta et al. 1993) . These changes in FAs coincide with the increase in PM H + -ATPase activity following cold acclimation in potato leaves (Palta and Meade 1989) . Similarly, in rye roots, PM H + -ATPase activity increased during acclimation to low temperature, following increases in FA unsaturation, particularly linolenic acid (White et al. 1990 ). Furthermore, the changes in fatty acid composition and PM H + -ATPase activity following cold acclimation are reversed during de-acclimation (Palta and Meade 1989) . These results suggest that changes in specific lipids may modulate ATPase activity.
Our study objective was to determine if the observed coincident changes in lipid FA composition and PM H + -ATPase activity during cold acclimation and de-acclimation also occur in tree species. We measured changes in FA composition and PM H + -ATPase activity in purified plasma membranes prepared from current-year needles of red pine (Pinus resinosa Ait.), an extremely frost hardy species, following cold acclimation and de-acclimation in natural conditions.
Materials and methods

Plant material
In March, May, September and January, we collected five southern-exposed branches from the second or third whorl of three 45-year-old red pine trees growing in the University of Wisconsin-Madison Arboretum, Madison West, Wisconsin, USA (43°03′ N, 89°25′ W, altitude 300 m). Bud break occurred in late April. For each tree sampled, all current-year needles from the first-order shoots of each branch were excised, pooled, mixed thoroughly and kept over ice during transit to the laboratory. For the membrane studies, two samples of needles (50 g each) per tree were collected and stored separately.
Determination of the freezing tolerance
Freezing tolerance of the pooled needles was evaluated separately for each tree as described by Sutinen et al. (1992) . One set of five fascicles per freezing temperature and tree was used for the freeze-thaw treatment. To avoid desiccation during the experiment, the samples were wrapped in plastic-lined paper. Samples were placed in thermos bottles to allow slow cooling and put in freezers, first to -25°C, then to -75°C and finally one thermos bottle was moved from -75°C to liquid nitrogen (-196°C) . The temperature inside each thermos bottle was recorded with thermocouples and six freezing temperatures were tested. Although the freezing temperatures tested differed according to the season and the degree of estimated freezing tolerance, the test temperatures were 10°C apart at maximum. After the desired freezing temperature had been reached, the thermos bottles were slowly warmed by a reversal of the freezing procedure, i.e., they were transferred from liquid nitrogen first to the -75°C freezer, then to the -25°C freezer and finally to a refrigerator at +4°C. Thawing was monitored with thermocouples and the bottles were not moved to a higher temperature until the temperature inside the bottle was stable. Control samples were kept in a thermos bottle at + 4 °C.
The degree of freezing injury was estimated visually (Sutinen et al. 1992) . The thawed needles were kept on moist filter paper in beakers for up to 2 weeks at room temperature with illumination at 250 µmol m -2 s -1 and the extent of injury (browning) was estimated along the length of the needles. Freezing tolerance was calculated as LT 50 , the freezing temperature resulting in 50% browning of needle length.
Preparation of microsomal and plasma membrane fractions
Microsomal membranes and PMs were prepared according to the method of Albertsson (1971) as modified by Iswari and Palta (1989) with some slight changes. Fifty g of freshly harvested needles (10 g per branch) were rapidly frozen in liquid nitrogen and ground with a pestle and mortar. The frozen powder was mixed with 150 ml of ice-cold homogenizing buffer (Uemura and Yoshida 1983 ) (0.50 M sucrose, 75 mM MOPS-NaOH, 5 mM EGTA, 1 mM PMSF in isopropanol, 2mM salicyl hydroxamic acid, 2.5 mM sodium bisulfite, 1.5% (w/v) PVP (mol. wt. 24,000), 0.5% (w/v) BSA, and 0.001% (w/v) BHT (pH 7.6)) in a beaker standing in an ice bath. The mixture was stirred until the frozen powder thawed. The homogenate was filtered twice through four layers of moistened cheesecloth. The filtrate was centrifuged at 8500 g for 20 min at 4°C to remove cell debris. The supernatant was re-centrifuged at 48,000 g for 2.5 h at 4°C to pellet the microsomal membranes. The pellet was suspended in 8 ml of sucrose-phosphate buffer (0.25 M sucrose in 10 mM K-phosphate buffer, pH 7.3). Five ml of this suspension was added to a phase mixture prepared by adding 10.3 g of 20% (w/w, in sucrose-phosphate buffer) polyethylene glycol (mol. wt.
3,500), 10.3 g of 20% (w/w, in sucrose-phosphate buffer) Dextran T-500 (mol. wt.~500,000) and 3.5 g of 0.3 M NaCl (in sucrose-phosphate buffer). The mixture was adjusted to 36 g with sucrose-phosphate buffer. The final concentrations of Dextran T-500 and polyethylene glycol were 5.72 % (w/w). To mix the phases, the tubes were inverted 20 times. Phase separation was obtained by centrifuging in a swing-bucket rotor at 1500 g for 20 min at 4°C. The upper phase (UP 1 ) was aspirated and washed once by mixing it with a new lower phase prepared separately, and with the 5 ml of microsomal suspension replaced by sucrose-phosphate buffer. After mixing and centrifuging, the second upper phase (UP 2 ) was aspirated and diluted fourfold with phase-diluting buffer (0.53 M sucrose, 5 mM MOPS-NaOH, 1 mM EGTA, 10 mM KCl, 0.2 mM PMSF, 0.001% (w/v) BHT, 1 mM DTT, pH 7.3) and centrifuged at 48,000 g for 3 h at 4°C to pellet the PMs. The PM pellet was suspended in about 2 ml of phase diluting buffer and stored at -80 °C.
Plasma membrane H + -ATPase assay and protein determination
Activity of K + -stimulated, Mg 2+ -dependent ATPase was determined by the method of Hellergren et al. (1983) and Iswari and Palta (1989) in the presence of 0.02% (v/v) Triton X-100, which seems to be necessary to stabilize enzymatic activity in purified membrane fractions Steponkus 1989, Hernández et al. 2002) . The assay is based on the colorimetric determination of P i released during ATP hydrolysis (Hodges and Leonard 1974) . Potential ATPase activity was measured by incubation at 38°C in a total volume of 0.25 ml for 30 min (Ryyppö et al. 1998) . The reaction was started by addition of the membrane fraction to a mixture containing 2 mM ATP in 20 mM Tris-MES, pH 6.7, 3 mM MgSO 4 , 50 mM KCl, 0.02 % (v/v) Triton X-100, 100 mM KNO 3 (to inhibit vacuolar ATPases), 5 mM NaN 3 (to inhibit mitochondrial ATPases) and 0.1 mM ammonium molybdate (to inhibit nonspecific phosphatases). The sample without MgSO 4 was used as control. The reaction was stopped by addition of 25 µl of 33% (w/w) trichloroacetic acid (TCA). To measure vanadate-sensitive ATPase activity, the assay was carried out in the presence and absence of 100 µM vanadate (Arora and Palta 1991) . Stock solution of sodium orthovanadate was prepared according to Surowy and Sussman (1986) . Protein concentration was determined as described by Markwell et al. (1978) .
Lipid extraction from microsomal and PM fractions
Total lipids from microsomal and PM samples were extracted by a modification of the procedure described by Bligh and Dyer (1959) . The membrane fraction (1 mg membrane protein) was mixed with 5 ml of boiling isopropanol. After boiling, 45 µl of BHT prepared in chloroform (5 mg ml -1 ) was added to the mixture to prevent oxidation. Five ml of methanol and 20 ml of chloroform were also added. After shaking for 90 min at 4°C the mixture was filtered through Whatman 2 paper. A Folch wash was conducted to remove water-soluble contaminants (Folch et al. 1957) . For this purpose, 3 ml (about 25% of total volume) of aqueous 8% (w/v) KCl was added and mixed thoroughly. After centrifugation, the upper phase was discarded and the lower phase (CHCl 3 ) mixed with 3 ml of 1:1 (v/v) MeOH:H 2 O. After centrifugation, the upper phase (MeOH and water) was removed and the lower phase was dried at 32°C in a stream of nitrogen and stored at -20°C until processed further.
The total lipid extract was fractionated into neutral lipids and glycerolipids on a silica gel (Sigma 100-200 mesh) column prepared in a long drawn-end Pasteur pipette. The lipid extract (0.5 ml) was loaded slowly on the column: neutral lipids (including sterols) were eluted with 12 ml of CHCl 3 , and phospholipids and galactolipids were eluted with 10 ml of MeOH. The methanol fraction was dried at 32°C in a stream of nitrogen, resuspended in 0.2 ml of CHCl 3 and stored at -20 °C until analyzed.
Fatty acid chains were converted to methyl esters by adding 2 ml of 0.6 M methanolic NaOH and neutralized with 2 ml of 0.6 M HCl. The fatty acid methyl esters were extracted twice with 2 ml of hexane and separated on a Shimadzu GC-9AM gas chromatograph (GC) equipped with an SP-2330 Supelco column, flame ionization detector (FID) and Shimadzu C-R3A integrator. The GC was programmed to raise the column temperature from 190 to 220°C at 6°C min -1 . The injector and detector temperatures were 270 and 300°C, respectively.
Statistics
The degree of association between freezing tolerance, vanadate-sensitive ATPase specific activity and the double bond index (DBI) of lipids were calculated by Pearson correlation.
Results
Seasonal changes in freezing tolerance and protein amount
Freezing tolerance in red pine needles, expressed as LT 50 , decreased from -56°C in March to -11°C in May following de-acclimation, and increased from -15°C in September to -148 °C in January following cold acclimation ( Figure 1A) .
Protein concentration in both microsomal and PM fractions increased significantly following cold acclimation, with higher amounts in the winter samples than in the May or September samples (Table 1 ). The protein recovery in PM fractions did not differ significantly during the year. In previous studies, we found that the water content of red pine needles decreases by about 15 to 20% between June and November and remains fairly stable from November to March (data not shown), indicating that the increase in protein concentration in both microsomal and PM fractions during cold acclimation can only partly be explained by a decrease in water content.
Seasonal changes in total ATPase and PM-H + ATPase activities
Because of the complexity of membrane composition in the microsomal fraction and its possible variation over the period of analysis, only total ATPase activity was reported for this fraction. In both microsomal and PM fractions, total ATPase activity (without vanadate) decreased significantly during de-acclimation (Table 2 ) and more than doubled following cold acclimation. Total ATPase activities were similar in May and September in the microsomal fraction, but lower activities were detected in May than in September in the PM fraction. Specific activity of PM H + -ATPase decreased during de-acclimation and increased during cold acclimation (Table 2 ; Figure 1B) .
Seasonal changes in glycerolipid fatty acids
Palmitic (16:0), linoleic (18:2) and linolenic (18:3) acids accounted for the major portion of the FA composition of membrane glycerolipids in both the microsomal and PM fractions (Table 3 ). The proportions of oleic acid (18:1) and 18:2 were similar in both fractions, whereas 16:0 was more abundant in the PM fraction than in the microsomal fraction. The presence of chloroplast membranes in the microsomal fraction accounts for the higher proportion of 18:3 in the microsomal fraction than in the PM fraction. Palmitoleic (16:1), stearic (18:0) and arachidic (20:0) acids were minor FAs in both fractions.
Following cold acclimation and de-acclimation, specific changes occurred in the FA composition of glycerolipids in both membrane fractions. Most of the changes were detected during the transition periods, from March to May and September to January (Table 3) . As freezing tolerance decreased from March to May, the proportion of 18:3 increased in the microsomal fraction by 9.7%, whereas the proportions of 18:1 and 18:2 decreased by 3 and 3.8%, respectively. The opposite pattern of changes in FA composition were observed after May, with a regular decrease in 18:3 and increases in 18:1 and 18:2. Similar trends were detected in the PM fraction between March and May: 18:3 increased by 5.6% and 18:1 and 18:2 decreased by 2.7 and 7.8%, respectively. Almost no changes in FA composition were detected between May and September in the PM fraction. As freezing tolerance increased from -15 to -148°C during cold acclimation between September and January, the pattern of changes in FA composition was opposite to that observed during de-acclimation (Table 1) .
Although the proportion of 16:0 differed in the two fractions, its seasonal trend was similar, with increases of 5 to 6% from March to September and decreases thereafter, reaching values in January similar to those observed in the previous March. Among the minor FAs, only 18:0 in the PM fraction appeared to change seasonally, with a decrease during cold acclimation (Table 3 ). inhibited PM H + -ATPase activity by up to 85% in the PM fraction (Table 2 ). This inhibition was in the same range as that reported in PM preparations from herbaceous (Linnemeyer et al. 1990 , Arora and Palta 1991 , Uemura et al. 1995 and woody (Mattheis and Ketchie 1990 ) plant material. Vanadate is known to inhibit acid phosphatases (Gallagher and Leonard 1982) ; however, our assay contained both vanadate and ammonium molybdate, which is a nonspecific inhibitor of phosphatases.
Discussion
Seasonal changes in H + -ATPase activity and fatty acid composition and their correlation with freezing tolerance
Seasonal changes in freezing tolerance were correlated to changes in total ATPase activity in the microsomal fraction (r 2 = 0.969) and to changes in vanadate-sensitive ATPase activity in the PM fraction (r 2 = 0.833). This finding is in agreement with reports of increased PM H + -ATPase activity after cold acclimation in several herbaceous (Ishikawa and Yoshida 1985 , Iswari and Palta 1987 , Baruah et al. 1990 , White et al. 1990 ) and woody species (Hellergren et al. 1983, Mattheis and Ketchie 1990) . Furthermore, it has been demonstrated that PM H + -ATPase activity is required for the recovery of plant tissue following freeze-thaw stress Palta 1991, Palta and Weiss 1992) . Thus, although we have no evidence of a causal relationship between the PM H + -ATPase activity and freezing tolerance, our results together with other reports suggest that the increase in the PM H + -ATPase activity following cold acclimation is one of the mechanisms that plants employ to protect against freeze-thaw injury.
We found substantial seasonal changes in FA composition in the microsomal and PM fractions. There were increases in the proportions of 18:1 and 18:2 FAs with a concomitant decrease in the proportions of 16:0, 18:0 and 18:3 FAs following cold acclimation. The opposite pattern of changes were observed following de-acclimation and occurred in both the microsomal and PM fractions. The extent of FA unsaturation in PM glycerolipids, expressed as the double bond index (DBI: sum of the mol% of unsaturated FA times the number of double bonds of unsaturated FA = mol%18:1 + 2 × (mol%18:2) + 3 × (mol%18:3)), correlated well with changes in freezing tolerance (r 2 = 0.877; Figure 1B ). There was little correlation between DBI and freezing tolerance in the microsomal fraction ( r 2 = 0.544), probably because of the abundance of 18:3 in the thylakoid membranes of these samples. The greater increase in 18:3 in May in the microsomal fractions than in the PM fractions (Table 3) likely reflects regeneration of the thylakoid membrane and photosynthetic capacity in the spring. We suggest that 18:3 is not directly involved in the development of freezing tolerance. This suggestion is also supported by the finding that the correlation between FAs and freezing tolerance improved when the amount of 18:1 or 18:2 in microsomal membranes was considered separately (r 2 = 0.847 and 0.928, respectively).
Changes in FA composition have also been reported in a cold-acclimating potato species Meade 1989, Palta et al. 1993) , where a large increase in the proportion of 18:2 fatty acid coincided with cold acclimation only in freeze-tolerant species. In mulberry bark cells (Yoshida 1984) and in leaves of winter rye (Lynch and Steponkus 1987) substantial changes in the FA composition of the PM occured following cold acclimation. Increases in amounts of FAs and in the unsaturation to saturated FA ratio paralleled the increase in freezing tolerance during cold acclimation in willow stem samples collected in the field (Hietala et al. 1998) . However, there is some controversy about the possible role of changes in fatty acid composition in cold acclimation, because no changes in FA composition of the plasma membrane during cold acclimation were detected in crown tissues of orchard grass , winter rye seedlings (Uemura and Yoshida 1984) or tubers of Jerusalem artichoke (Ishikawa and Yoshida 1985) , and no changes in FA unsaturation were detected in needles of pine seedlings artificially cold acclimated in a greenhouse (Hellergren et al. 1984) . The explanation of these contradictory results likely lies in the experimental conditions and the origin of the material and highlights the need for further studies.
An alternative approach to studying the role of FA unsaturation in the resistance to temperature stress has been to artificially manipulate FA unsaturation in mutants or transgenic plants. These results generally support a role of FA unsaturation in temperature stress response and resistance (reviewed by Nishida and Murata 1996, Iba 2002 (Mikami and Murata 2003, Los and Murata, 2004) .
Role of FAs in the regulation of PM H + -ATPase activity
We found a high correlation between the DBI and the specific activity of vanadate-sensitive ATPase (r 2 = 0.995) in PMs of red pine needles (Figure 1) . Lipid modulation has been proposed as a mechanism by which PM H + -ATPase activity can be regulated (Cooke and Burden 1990) . Palmgren et al. (1988) reported that an increase in PM H + -ATPase activity in vitro can be brought about by an increase in 18:2 FA. In potato leaves, the increase in PM H + -ATPase activity could be explained by a simultaneous increase in 18:2 FA in these tissues (Palta and Meade, 1989) . A high correlation between PM H + -ATPase activity and 18:3 FA content, or the 18:3/18:2 ratio, was measured in PMs of rye roots (White et al. 1990 , Hernández et al. 2002 . In the fungus Ustilago maydis, the 18:2/18:1 ratio is highly correlated with the activation of PM H + -ATPase (Hernández et al. 2002) . We analyzed the correlations between vanadate-sensitive PM H + -ATPase specific activity and individual unsaturated FAs (18:1, 18:2 or 18:3) or unsaturated FAs ratios (18:2/18:1 or 18:3/18:2). We found that the highest correlation coefficients were found with 18:1 and 18:2/18:1 (r 2 = 0.626 and 0.931, respectively), but the correlation was not as high as with the DBI of PMs. These correlations suggest that ATPase activity and individual FA unsaturation (or DBI representing the global membrane FAs) are influenced by the same causative agent. Unfortunately, our results allow no conclusion about a possible role of FA unsaturation on ATPase activity in PM.
Other mechanisms may also be involved in PM H + -ATPase regulation. Camoni et al. (2000) showed that PM H + -ATPase activity is regulated by interaction with 14-3-3 proteins and that phosphatase 2A abolished this interaction. Moreover, protein phosphatase 2A is inactivated early during cold acclimation (Monroy et al. 1998) . Regulation of PM H + -ATPase activity by 14-3-3 protein during cold stress has also been shown in sugar beet cells (Chelysheva et al. 1999) . The possibility that PM H + -ATPase is regulated during cold acclimation and de-acclimation by 14-3-3 protein is supported by the isolation of two Arabidopsis 14-3-3 related genes that are induced at low temperature (Jarillo et al. 1994) . The ATPase activity can also be subject to genetic regulation. A multigenic family encodes PM H + -ATPases and the various isozymes differ in tissue-specific expression and regulation (Palmgen 2001) . Expression analysis of four PM H + -ATPase genes in peach vegetative buds during dormancy revealed different expression profiles, with only one gene being expressed during dormancy (Gévaudant et al. 2001) . Future research on the regulation of PM H + -ATPase activity during cold acclimation will have to take into account these different possible mechanisms of regulation.
In conclusion, in purified PMs from an extremely frost hardy tree species, we found close correlations between seasonal changes in freezing tolerance and specific activity of PM H + -ATPase on the one hand, and the extent of FA unsaturation on the other hand. We also found a close correlation between seasonal changes in the extent of FA unsaturation, expressed as the DBI, and the specific activity of PM H + -ATPase (Figure 1) , demonstrating that regulation of FA unsaturation and PM H + -ATPase activity are influenced by the same causative agent. Because changes in fluidity of the lipid bilayer affects the tonoplast H + -ATPase activity in rice cells after chilling (Kasamo et al. 2000) , the analysis of the FA composition of each PM phospholipid, and the examination of the changes in plasma membrane fluidity during cold acclimation and de-acclimation may help elucidate the mechanism of PM H + -ATPase regulation.
